Catalytic carbonyl-olefin metathesis reactions represent powerful synthetic strategies for alkene formation. Successful approaches for carbonyl-olefin ring-closing, ring-opening, and cross metathesis have been developed in recent years, however, current limitations exist which hamper the generality of these transformations. Stronger and more efficient catalytic systems are needed to further broaden the scope of these transformations while preventing undesired reaction pathways. We herein report the development of an aluminum-based heterobimetallic ion pair as a superior catalyst that promotes carbonyl-olefin ring-closing metathesis via a distinct reaction mechanism and allows access to medium-sized rings which currently suffer from low yields and poor conversion under previously reported conditions. This new catalyst system functions as a Lewis acidic superelectrophile and is particularly effective for the formation of 6-and 7-membered ring systems. Mechanistic investigations support a distinct reaction profile in which two productive reaction pathways are in competition with each other to form metathesis product. These insights are expected to have important implications in catalyst design and development for carbonyl-olefin metathesis and enable future advances to ultimately expand the synthetic utility of these transformations.
Introduction
Catalytic carbonyl-olefin metathesis reactions have seen amplified interest within recent years as a result of their potential for direct carbon-carbon bond formation between carbonyl and olefin precursors. [1] [2] [3] Among the advancement in design principles for carbonyl-olefin metathesis 4 are Lewis acid-catalyzed approaches 5-9 that rely on [2+2]-cycloadditions between carbonyl and olefin functionalities to form intermediate oxetanes. This strategy allows for the development of carbonyl-olefin ringclosing, ring-opening, and cross metathesis reactions, however restrictions currently exist for these examples that hamper their synthetic generality. Specifically, the majority of reports are dominated by substrates forming 5-membered ring-systems (1 and 3, Fig. 1) with select examples of 6-membered rings (4) resulting in significantly lower yields. 6a,6f Only those that provide extended aromatic products (2) proceed in comparably high yields to their 5-membered homologs. 6b,10-12 Furthermore, competing Lewis acid-catalyzed carbonyl-ene reactions have proven challenging to control and result in diminished yields of the desired metathesis products. Our recent efforts aimed at ex- panding the scope of carbonyl-olefin metathesis reactions have shown that FeCl3 monomers (6) can associate in situ 13 to form Lewis acidic superelectrophiles 14 (7) . These FeCl3 singlybridged homodimers 7 retain an open coordination site rendering them as stronger Lewis acid catalysts that are capable of activating less reactive aliphatic ketones for carbonyl-olefin ring-closing metathesis (10) . Further polarization of these singly-bridged dimers is thought to result in full ionization leading to highly electron-deficient ion pairs (8) that can function as even stronger Lewis acids due to the increased electrophilicity of the metal center. 15 Based on our previous results 12 , we hypothesized that bimetallic ion pairs 16 (8) could function as more potent Lewis acid catalysts to activate currently inert substrates for carbonyl-olefin ring-closing metathesis to efficiently access medium-sized rings. We herein report the development of heterobimetallic aluminum(III)-ion pairs 17 that function as stronger, Lewis acidic superelectrophiles to activate previously unreactive substrates in carbonyl-olefin ring-closing metathesis reactions to access 6-and 7-membered rings. Importantly, results obtained in our mechanistic investigations are consistent with a distinct mechanism for carbonyl-olefin metathesis in which two productive reaction pathways are in competition with each other.
Results and Discussion
Initial optimization of carbonyl-olefin metathesis of aryl ketone 13 revealed that reported ion-pair catalyst systems including trityl and tetrafluoroborate salts resulted in little to no formation of the desired cyclohexene 14 7a,8 (entries 1-3, Table 1 ). Catalytic amounts of I2 18 also failed to produce synthetically useful quantities of the desired metathesis product 14 (entry 4, Table  1 ). Similarly, FeCl3, 6 GaCl3, 6e InCl3, and AlCl3 proved inferior as catalysts and formed cyclohexene 14 in at best 25% yield (entries 5-8, Table 1 ). Importantly, higher catalyst loadings of FeCl3 did not result in increased yields of the desired product, suggesting that superelectrophilic FeCl3 dimers previously shown to form under otherwise identical reaction conditions are equally inefficient in promoting the desired transformation. Based on these results, we hypothesized that even stronger catalysts, such as ion pairs 8, are required to efficiently activate these less reactive substrates. Although homobimetallic ion pairs have been reported as active catalytic species 16 , procedures for their selective and controlled formation are less advanced. In comparison, heterobimetallic ion pairs 17 are readily accessible upon halide abstraction from neutral Lewis acids (MXn) with univalent metals incorporating a weakly coordinating anion, such as silver salts (AgX). 19, 20 Indeed, when aryl ketone 13 was subjected to catalytic amounts of FeCl3 and AgSbF6, cyclohexene 14 was obtained in an increased yield of 69% (entry 9, Table 1 ). Conversion of 13 with GaCl3 or InCl3 both with AgSbF6 proved equally efficient and formed the desired metathesis product 14 in 71% and 72% yield, respectively (entries 10-11, Table 1 ). We ultimately identified catalytic amounts of AlCl3 and AgSbF6 as the optimal catalyst system providing the desired metathesis product 14 in 90% yield (entry 12, Table 1 ). Subsequent studies focused on the evaluation of additional silver salts bearing weakly coordinating anions (e.g. AgBF4, AgPF6, and AgAsF6). 21 However, these salts ultimately did not outperform AgSbF6 (entries 13-15, Table 1 ). Similarly, silver salts incorporating more nucleophilic anions, 22 such as AgOTf and AgNTf2, or a non-coordinating anion, such as AgBPh4, either failed to form metathesis product 14 or resulted in diminished yields of 43% (entries 16-18, Table 1 ). Further reaction optimization focused on investigating increasing the silver salt to Lewis acid ratio to potentially induce additional halide abstraction. Specifically, both 20 mol% and 30 mol% of Table 2 . Investigation of possible catalytic species.
AgSbF6, together with AlCl3 (10 mol%), was found equally effective as the equimolar ratio and provided the desired metathesis product 14 in 86% and 84% yield, respectively (entries 19 and 20, Table 1 ).
Our subsequent efforts focused on obtaining experimental support for heterobimetallic ion pairs as the active catalytic species under these reaction conditions for carbonyl-olefin ring-closing metathesis. Specifically, five distinct Lewis acidic species could be operative as the active catalyst: AlCl3 (A), AgSbF6 (B), the heterobimetallic ion pair [AlCl2] + [SbF6] -(C) resulting upon chloride abstraction, or AlCl2F (D) and SbF5 (E) formed from the ion pair (Table 2 ). However, converting aryl ketone 16 with catalytic amounts of AlCl3 resulted in no formation of the desired metathesis product 17 (entry 1, Table 2 ). Similarly, catalytic amounts of AgSbF6 did not promote carbonyl-olefin metathesis (entry 2, Table 2 ). In comparison, the optimal reaction conditions using AlCl3 (10 mol%) and AgSbF6 (10 mol%) provided the desired product 17 in 99% yield (entry 3, Table 2 ). Additionally, the formation of a white solid was observed that was identified as AgCl relying on X-ray powder diffraction 23 (entry 3, Table 2 ). Similarly, utilizing AlCl3 (10 mol%) and AgF (10 mol%) also resulted in the formation of AgCl, suggesting that AlCl2F is formed under these conditions. Nevertheless, no formation of the desired metathesis product was observed (entry 4, Table 2 ). Furthermore, when the reaction was conducted with SbF5 (10 mol%), the desired metathesis product 17 was observed albeit in diminished yields of 41% (entry 5, Table 2 ). Additionally, we were able to quantitatively and qualitatively provide support for the formation of AgCl over the course of this transformation ( Fig. 3 ). After vacuum filtration, 1.5 mg of a white solid was recovered which is consistent with the quantitative formation of AgCl. Subsequent analysis by X-ray powder diffraction 23 revealed that the solid was AgCl when compared to the reported literature spectrum (see Supporting Information for details). Collectively, these results suggest the formation of [AlCl2] + [SbF6]as a heterobimetallic ion pair which serves as the active catalytic species under the optimal conditions for carbonyl-olefin ring-closing metathesis of medium sized rings. We next evaluated the effect of distinct olefin substitution on the catalytic carbonyl-olefin metathesis reaction for mediumsized ring formation (Table 3) . Prenyl-derived substrate 18a resulted in 80% yield of the desired metathesis product 19 (entry 1, Table 3 ). Alternatively, styrenyl-derived substrates 18b and 18c formed cyclohexene 19 in 44% and 27% yield, respectively (entries 2 and 3, Table 3 ). These diminished yields are most likely due to increased catalyst inhibition by benzaldehyde and acetophenone as the carbonyl-olefin metathesis byproduct in comparison to acetone. 12 Importantly, terminal alkene 18d proved viable and underwent the desired carbonyl-olefin meta- thesis reaction in 68% yield, presumably upon in situ isomerization to the corresponding internal alkene (entry 4, Table 3 ). Bis-phenyl alkene 18e, in addition to crotyl-and allyl-alkenes 18f and 18g, were found unreactive under the optimized reaction conditions (entries 5-7, Table 3 ). The lack of reactivity can most likely be attributed to increased steric constraints in the transition state (18e) and decreased nucleophilicity of 1,2-difunctionalized crotyl-and allyl-alkenes (18f, 18g).
The optimal reaction conditions developed for carbonyl-olefin metathesis for medium-sized ring systems proved general for a variety of substrates (Table 4 ). In general, both electron-rich and -poor substituents at the ortho-, meta-, and para-positions of the aryl ketone substrates were well-tolerated under the optimized reaction conditions, resulting in the formation of the desired metathesis products in up to 99% yield. Specifically, dimethoxy substituted metathesis products 31 and 35 were obtained in up to 61% yield, while chlorinated metathesis products 17, 27, 34, and 40 were isolated in up to 88% yield. Furthermore, metathesis products incorporating aryl bromides, capable of undergoing further diversification via cross-coupling reactions were obtained in high yields of 75% (22 and 32, Table 4 ). Strongly electron-withdrawing aryl ketone substrates proved particularly efficient and resulted in the desired products 14, 21, and 24 in excellent yields of up to 90%. Additionally, distinct substitution of the carbon chain was tolerated and resulted in the desired products 27, 29, and 33 in up to 99% yield. Moreover, spirocycle 30 incorporating two 6-membered ring subunits was obtained in 85% yield. Aryl ketones incorporating heteroatoms, specifically oxygen, in the carbon chain had previously proven challenging substrates for carbonyl-olefin metathesis. 6 The use of more powerful heterobimetallic ion pairs provided the corresponding pyran metathesis products in high yields of up to 99% under the optimized reaction conditions (20, 23, 25, 26, 28, and 36) . Both prenyl-and styrene-derived substrates proved efficient in the transformation providing pyran 20 in 87% and 65% yield, respectively. Notably, the metathesis reaction was amenable to scale and resulted in the formation of the desired metathesis product 23 in 83% yield on a 1.53 mmol scale. In addition to 6-membered rings, the conditions for carbonyl-olefin ring-closing metathesis developed herein are applicable to the synthesis of cyclopentenes 37-39, however the yields obtained are lower than those previously reported with FeCl3 as catalyst. Importantly, previously inaccessible 7-membered rings 41 and 42 are formed in 43% and 51% yield, respectively, relying on catalytic amounts of AlCl3 and AgSbF6 under otherwise identical reaction conditions. These results suggest that this new catalyst system described herein is uniquely effective in carbonyl-olefin ring-closing metathesis reactions of medium-sized rings.
Mechanistic Investigations
Based on the distinct reactivity observed in carbonyl-olefin metathesis reactions relying on Al(III)-ion pairs, we focused subsequent efforts on gaining additional insights into the controlling features of this catalytic system. Interestingly, when consumption of aryl ketone 43 with catalytic amounts of AlCl3 and AgSbF6 was monitored by 1 H-NMR analysis, initial formation and subsequent depletion of a new compound (marked in red) was observed in addition to the expected metathesis product (29) (marked in blue, Fig. 4 ). Independent synthesis confirmed the unexpected compound as the product of a carbonyl-ene reaction (44). This carbonyl-ene product reaches its maximum concentration of 20% at 45 minutes when 31% of aryl ketone 43 has been converted. Subsequent efforts focused on determining whether carbonyl-ene product 44 forms reversibly under the optimized conditions for carbonyl-olefin metathesis relying on Al(III)-ion pairs. Specifically, we independently synthesized Table 4 . Substrate scope of the Al(III)-ion pair catalyzed carbonyl-olefin metathesis reaction for the formation of 6-membered rings. carbonyl-ene product 44 and converted it under optimal conditions for carbonyl-olefin metathesis while monitoring the reaction progress by 1 H-NMR analysis (Fig. 5 ). Within the first six minutes of reaction time, 8% of carbonyl-ene product 44 was converted and the formation of aryl ketone 43 was observed in 8% yield, however, no significant formation of metathesis product 29 was yet detected. When aryl ketone 43 reached its maximum concentration of 47% after 102 minutes, the metathesis product 29 had been produced in 19% yield while 71% of the carbonyl-ene substrate 44 had been converted. These results suggest that carbonyl-ene product 44 forms reversibly under the optimal reaction conditions for carbonyl-olefin metathesis relying on Al(III)-ion pairs. Subsequent efforts focused on comparing the rates of metathesis product formation (kobs) after the equilibrium between 43 and 44 has been established. Specifically, we observed similar rates of metathesis product 29 from carbonyl-ene product 44 compared to aryl ketone 43 of 0.246 and 0.247, respectively. This result suggests that carbonyl-ene product 44 and aryl ketone 43 are in equilibrium and once established, the rate of product formation is independent of the initial concentrations of carbonyl-ene product 44 and aryl ketone 43.
Based on these initial results, we considered two distinct mechanistic scenarios for carbonyl-olefin metathesis relying on Al(III)-ion pairs including carbonyl-ene product 44. Specifically, a) the carbonyl-ene product 44 could form reversibly under the optimal reaction conditions but is unproductive towards metathesis. Alternatively, b) we contemplated a reaction path for carbonyl-olefin metathesis that relies on a direct, intramolecular hydroalkoxylation 24 of carbonyl-ene product 44 to form an intermediate oxetane. Importantly, both mechanistic alternatives are in stark contrast to our previously obtained results in GaCl3-catalyzed carbonyl-olefin ring-opening metathesis in which a competing irreversible carbonyl-ene reaction path was found to be responsible for the diminished yields of the carbonyl-olefin metathesis product observed. 6e
To differentiate between a reversible carbonyl-ene reaction or hydroalkoxylation of the carbonyl-ene product leading to an intermediate oxetane, we conducted computational investigations (unrestricted B97-D density functional and LANL2DZ basis set, Fig. 6) . Indeed, our studies show that the carbonyl-ene product bound to the Al(III)-ion pair (46 + IP) can undergo either of the two reactions. Formation of starting material can proceed via a retro-carbonyl-ene reaction (TS-I) proceeding with a free energy barrier of 3.3 kcal/mol. Alternatively, 46 + IP can undergo a hydroalkoxylation (TS-II) resulting in the intermediate oxetane (47 + IP) that proceeds with a similar energetic barrier of 4.3 kcal/mol. Accordingly, we considered two distinct mechanisms for carbonyl-olefin ring-closing metathesis of mediumsized rings that differ from previously reported reaction paths (Fig. 7A) . Specifically, upon binding to the superelectrophilic catalyst aryl ketone 50 forms the Lewis acid-base complex 51 that undergoes a reversible carbonyl-ene reaction resulting in 52. An intramolecular addition of the tertiary alcohol to the terminal alkene results in a hydroalkoxylation via 53 to form intermediate oxetane 54. Alternatively, Lewis acid-base complex 51 can undergo a [2+2]-cycloaddition between the carbonyl and olefin moieties via 55 resulting in oxetane 54. Oxetane 54 coordinated to the superelectrophilic catalyst can undergo a sub- sequent retro [2+2]-cycloaddition via 56 to result in the formation of the de-sired carbonyl-olefin ring-closing metathesis product 12 and acetone 15 as the metathesis byproduct. Importantly, our previous investigations had revealed that 1,2-difunctionalized styrene 18b which lacks -hydrogen atoms on the olefin substituent and therefore cannot undergo a carbonyl-ene reaction is a viable substrate for carbonyl-olefin metathesis resulting in the formation of cyclohexene 19 albeit in diminished yields of 44% (Fig. 7B ). This suggests that the previously established [2+2]cycloaddition and subsequent retro [2+2]-cycloaddition via intermediate oxetanes is also a productive reaction pathway relying on superelectrophilic Al(III)-ion pairs as catalysts. However, higher yields of 80% are obtained with the prenyl-derived alkene 18a bearing -hydrogen atoms on the olefin substituent under otherwise identical reaction conditions. Thus, this difference in yield led us to consider the possibility of intramolecular hydroalkoxylation via 53 as the predominant reaction path for carbonyl-olefin ring-closing metathesis of medium-sized rings.
To differentiate between carbonyl-ene product 43 forming reversibly as an off-cycle intermediate or functioning as a productive intermediate towards carbonyl-olefin metathesis, we synthesized the deuterated analog D-43 incorporating deuterium atoms in the form of CD3 groups at the reactive alkene ( Fig. 8) . When D-43 is converted under the optimal reaction conditions relying on catalytic amounts of AlCl3 and AgSbF6, conversion of starting material is observed, however with greatly diminished rates compared to 43. Specifically, after 45 min only 10% of arylketone D-43 have been converted and the formation of carbonyl-ene product D-44 is observed in only 2% yield. Importantly, metathesis product formation is observed in less than 15% yield over the course of the reaction. The fact that replacing hydrogen with deuterium atoms at the reactive carbon of the alkene moiety greatly inhibits the desired transformation suggests the transfer of a hydrogen atom to be essential for mine whether carbonyl-ene reaction or [2+2]-cycloaddition of 43 is the predominant path towards metathesis product formation, we determined the kinetic isotope effect (KIE) of aryl ketone conversion ( Fig. 9 ). If [2+2]-cycloaddition (58) upon activation of aryl ketone 43 was the exclusive reaction path for carbonyl-olefin metathesis, we would expect a secondary KIE as the deuterium would be appended  to the reactive carbon. 6c In comparison, if the formation of a carbonyl-ene intermediate was essential for a productive path towards carbonyl-olefin metathesis, we would expect a primary KIE as the deuterium is undergoing a direct transfer in the transition state 59. We observe a slower rate of reaction for D-43 which results in a primary kinetic isotope effect of kH/kD = 2.09±0.07. This result is consistent with carbonyl-ene intermediate formation being essential for carbonyl-olefin metathesis relying on Al(III)-ion pairs as reactive catalytic species.
Complete computational investigations of the carbonyl-olefin ring-closing metathesis relying on superelectrophilic Al(III)- ion pairs also support a predominant reaction pathway in which the formation of a carbonyl-ene intermediate is required for metathesis product formation (Fig. 10) . Specifically, a carbonylene transition state is lower in energy than a [2+2]-cycloaddition by 3.3 kcal/mol (TS-I vs. TS-III, Fig. 10 ). The Al(III)-ion pair initially binds to the carbonyl-oxygen of aryl ketone 45 to activate it for a subsequent carbonyl-ene reaction via 48 (TS-I) to result in the unsaturated alcohol (46 + IP). Hydroalkoxylation of the alcohol moiety in 46 onto the terminal alkene via 49 (TS-II) results in the formation of intermediate oxetane (47 + IP). This step proceeds with a barrier of 10.8 kcal/mol above the substrate complex and represents the rate-determining step of this reaction. Importantly, this sequence of carbonyl-ene reaction and subsequent hydroalkoxylation is preferred by 2.3 kcal/mol compared to a [2+2]-cycloaddition for oxetane formation. This is consistent with our experimental results of observing a primary KIE upon conversion of substrate 43 under the optimal reaction conditions ( Fig. 9 ). Subsequently, an elementary step with a barrier of 9.0 kcal/mol allows for ring-opening of the oxetane intermediate (61, TS-IV) to result in the desired carbonyl-olefin metathesis product and acetone as byproduct. This step was found to proceed in an asynchronous, concerted fashion with the carbon-oxygen bond breaking to a greater extent than the carbon-carbon bond in the transition state 61 (TS-IV). Importantly, these results suggest oxetane formation as the turnover-limiting step of carbonyl-olefin ringclosing metathesis of medium-sized rings which is consistent with our observation that the carbonyl-ene reaction is reversible under the optimal reaction conditions. Additionally, our experimental results have shown that in comparison to oxetane 47, both the carbonyl-ene (46) and the carbonyl-olefin metathesis product 62 are stable upon isolation. These observations are supported by the high relative energy of the uncoordinated oxetane species 47 at 12.2 kcal/mol compared to the uncoordinated aryl ketone 45 ( Fig. 10) . Additionally, the uncoordinated carbonyl-ene product 46 was found to be marginally higher in energy than the starting material by 4.2 kcal/mol which is consistent with the equilibrium favoring aryl ketone over carbonylene product (Fig. 10 ). Our subsequent efforts focused on additional mechanistic investigations of the carbonyl-olefin ring-closing metathesis reaction based on superelectrophilic Al(III)-ion pairs to distinguish between a stepwise path relying on carbocation intermediates or concerted cycloadditions leading to oxetane formation and fragmentation. In initial experiments aimed at trapping potential carbocation intermediates, aryl ketone 16 was converted under the optimized reaction conditions together with equimolar amounts of distinct nucleophilic additives. 25 The addition of benzoic and acetic acid was found to not have an effect on the overall transformation and resulted in the observation of the carbonyl-olefin metathesis product 17 in 88% and 70% yield, respectively (entries 1 and 2, Table 5 ). However, equimolar amounts of methanol, nitromethane, phenylacetylene, and allyltrimethylsilane were found to alter the reaction progress and resulted in decreased conversion of aryl ketone 16 and the observation of 17 in diminished yields of up to 35% (entries 3-6, Table 5 ; see Supporting Information for details). Nevertheless, no products (63) resulting from trapping of potential carbocation intermediates were observed upon isolation or by HRMS-analysis of the crude reaction mixtures.
Conclusion
The results presented herein offer a new reaction protocol for the carbonyl-olefin ring-closing metathesis of medium-sized ring systems that previously remained elusive to this transformation or proceeded with diminished yields. Heterobimetallic ion pairs resulting upon halide abstraction from AlCl3 prove superior as catalysts and function as Lewis acid superelectrophiles to give rise to the desired metathesis products in up to 99% yield. Experimental and theoretical mechanistic investigations are consistent with a distinct reaction path for carbonyl-olefin ring-closing metathesis of medium-sized rings relying on Al(III)-ion pairs. Specifically, upon activation with the superelectrophilic Lewis acid, carbonyl and olefin functionalities undergo an initial carbonyl-ene reaction. Subsequent addition of the resulting tertiary alcohol onto the terminal alkene via hydroalkoxylation results in the formation of an intermediate oxetane that upon subsequent fragmentation gives rise to the metathesis products. This is in stark contrast to previous observations in carbonyl-olefin ring-opening metathesis reactions in which a competing carbonyl-ene reaction is responsible for the diminished metathesis yields. The mechanistic insights presented herein are expected to enable further advances in catalytic carbonyl-olefin metathesis reactions to expand both scope and synthetic utility of this transformation.
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